Background and Objectives: RING finger protein 38 (RNF38) has been reported to be involved in the tumorigenesis of several tumors, but its role in colorectal cancer (CRC) is still not investigated. In the present study, we aimed to investigate the effect of RNF38 in CRC cells. Materials and Methods: The public tumor databases GEPIA and Kaplan-Meier Plotter were used to analyze RNF38 expression and patients' overall survival in CRC. The qRT-PCR was carried out to assess the mRNA levels of RNF38 and LDB1. Western blot and co-immunoprecipitation were used to detect protein expression and ubiquitination. CCK-8 assay was performed to analyze CRC cell growth and viability. Results: RNF38 was found downregulated in CRC tumor tissues and cell lines, and CRC patients with high RNF38 expression had a longer overall survival than patients with low RNF38 expression. Our further investigations showed that RNF38 interacted with LDB1, and downregulated LDB1 expression by inducing its polyubiquitination. Moreover, overexpression of RNF38 inhibited CRC cell growth but enforced LDB1 could significantly antagonize RNF38-induced cell growth inhibition in CRC cells. Additionally, RNF38/LDB1 axis was involved in the drug sensitivity of 5-FU to CRC cells. Conclusion: Our studies suggested that RNF38 was functional in CRC cells, and downregulated CRC cell growth by inducing LDB1 polyubiquitination, which indicated that RNF38 could be as a novel target for CRC therapy.
Introduction
As is known to all, protein ubiquitination is closely associated with the occurrence and development of tumors. And the ubiquitination process of proteins consists of at least five important components, including ubiquitin (Ub), ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3) and deubiquitinating enzyme (DUB). [1] [2] [3] At present, it is estimated that there are 1-2 E1s, 60-100 E2s, 1000
E3s and nearly 100 DUBs in human cells. 4 Among them, the disorder of protein ubiquitination components is closely related to the occurrence and development of cancer. 5 At present, the research and development of new drugs targeting E3 ubiquitin ligase have become a research hotspot of scientists. 6 Therefore, the study of ubiquitination of proteins in colorectal cancer (CRC) cells is of great significance for the treatment of colorectal cancer caused by the disorder of ubiquitin system. RNF38, the ring finger protein 38, belongs to one of the largest E3 ubiquitin ligase family proteins. 7 RNF38 protein contains RING-H2 domain, KIL domain and coiled-coil domain at its carboxyl end. 7 Among them, RING zinc finger motifs are zinc-binding domains in RNF ubiquitin ligase family proteins, which can promote the transfer of E2-presenting ubiquitin molecules to target proteins, thus promoting the ubiquitination of proteins, and play an important role in many physiological and biochemical processes of cells, such as protein degradation, signal transduction, cell growth and tumorigenesis. 8 At present, there are few reports on the function of RNF38 in tumors, involving only the preliminary discovery of hepatocellular carcinoma, lung cancer and gastric cancer, but its function and mechanism in CRC have not been reported. In gastric cancer, RNF38 was highly expressed, and upregulated STAT3 signaling by promoting SHP-1 ubiquitination, thus promoting the growth of gastric cancer cells. 9 And in non-small cell lung cancer (NSCLC), it has been reported that RNF38 promoted the occurrence of NSCLC by regulating EMT, and indicated a poor index for NSCLC patients. 10 However, the prognostic roles of RNF38 seemed differed by different tumor types according to the data from TCGA samples for mRNA analysis, 9 which suggested that RNF38 may exert different effects by interacting with different substrates in tumors. Therefore, in this study, we aimed to investigate the function and mechanism of RNF38 in CRC, which have not been reported yet. For example, we aimed to investigate the expression of RNF38 in CRC cell lines and tumor tissues, and the roles of RNF38 as an E3 ligase in regulating CRC cell growth.
In the present study, we found that RNF38 was downregulated in both of CRC tumor tissues and cell lines, and its low expression was associated with poor prognosis of CRC, which suggested that RNF38 may also act as a tumor suppressor. In addition, we found that LDB1 was a novel substrate of RNF38, and RNF38 induced LDB1 degradation through 26S proteasome. Interestingly, LDB1 had been shown to be elevated in CRC and its high expression was associated with poor prognosis of CRC patients. 11 And the present study found that RNF38 was lowly expressed in CRC and RNF38 promoted the ubiquitination-mediated degradation of LDB1, which may explain why LDB1 was overexpressed in CRC to some extent. (TransGen, Nanjing, China) was used for cDNA synthesis. And then the cDNA template was used for subsequent qRT-PCR analysis, which was carried out as described previously.
Materials and Methods

Cells, Tissues and Chemicals
12
To prepare the reaction mixes, HS-SYBR (Evrogen, Moscow, Russia) was used. The primers used were as follows: RNF38, forward 5ʹ-TTCTTATCGGTTCAATCC-3ʹ and reverse 5ʹ-A ACTCGTGGTTACAGGGT-3ʹ; LDB1, forward 5ʹ-GCTGT GCCTGTCCTGGTT-3ʹ and reverse 5ʹ-GCCCACATCCCT ATCCAG-3ʹ; GAPDH, forward 5ʹ-GCACCGTCAAGGCT GAGAAC-3ʹ and reverse 5ʹ-TGGTGAAGACGCCAGTG GA-3ʹ.
Western Blot
Relative cells were lysed for Western blot as described previously. 13 The primary antibodies against RNF38, LDB1
and GAPDH were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-Flag and anti-Myc antibodies were purchased from Medical & Biological Laboratories (Tokyo, Japan).
Plasmids Construction and Gene Transfection
The human RNF38 and LDB1 genes were generated by PCR and cloned into pcDNA3.1 vector with a Myc, or Flag tag as previously described. 7, 14 The primers used were as follows: RNF38, forward 5ʹ-ATGGCTTGTAAGATATCT CC-3ʹ and reverse 5ʹ-TCATTCTGAATCCCGATGC-3ʹ; LDB1, forward 5ʹ-ATGTCAGTGGGCTGTGCCTGTCC-3ʹ and reverse 5ʹ-TTACTGGGAGGCCTGTGACGTGGGG -3ʹ. HA-Ub plasmids were conserved in our laboratory. Plasmids were transiently transfected into HCT116, DLD1 or HEK293T cells by Lipofectamine ® 2000 (Invitrogen)
according to the manufacturer's instruction.
Co-Immunoprecipitation Analysis
Cells were lysed for co-immunoprecipitation (Co-IP) as described previously. 15 Briefly, cells were lysed and whole-cell lysates were isolated. Then, whole-cell lysates were incubated with indicated antibodies overnight at 4°C, followed by incubating with protein A/G agarose (Santa Cruz, CA, USA). Finally, the precipitated proteins were boiled and analyzed by Western blot.
Cell Growth and Viability 
Statistical Analysis
The GraphPad Prism 5 and IBM SPSS 22.0 software were used for statistical analysis. To compare the differences between two groups in the study, the student's t test was used. To compare more than 2 groups, ANOVA was used.
In this study, a p value less than 0.05 was considered statistically significant.
Results
RNF38 Is Downregulated in Colorectal Cancer and Predicts a Positive Index for Patients
To investigate the expression level of RNF38 in colorectal cancer (CRC), the public tumor database GEPIA matched TCGA and GTEx data was firstly used. As shown in Figure 1A , the database revealed that RNF38 was decreased in colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ). To further confirm it, twenty pairs of CRC tumor tissues and adjacent normal tissues were collected and prepared for qRT-PCR analysis. As shown in Figure 1B and C, RNF38 was markedly downregulated in CRC tumor tissues compared with the adjacent normal tissues. Moreover, the overall survival of CRC patients with low or high RNF38 expression was analyzed by Kaplan-Meier Plotter, a public online tumor database ( Figure 1D ). And it showed that CRC patients with high RNF38 expression had a longer overall survival than those with low RNF38 expression ( Figure 1D ). Thus, above results indicated that RNF38 was closely associated with CRC tumorigenesis.
RNF38 Destabilizes LDB1 Protein via Proteasomal Pathway in Colorectal Cancer Cells
Our further results showed that the expression levels of RNF38 were also decreased in four CRC cell lines compared with a human normal intestinal epithelial cell line ( Figure  2A) . However, the expression levels of LDB1 were elevated in CRC cell lines compared with the human normal intestinal epithelial cell line (Figure 2A ), and RNF38 expression was also significantly negatively associated with LDB1 expression ( Figure 2B ). To further confirm it, indicating concentrations of Myc-RNF38 plasmids were transfected into CRC cells, and we found that overexpression of RNF38 could markedly downregulate the protein levels of LDB1 in HCT116 and DLD1 cells ( Figure 2C ), but had no effects on the mRNA levels of LDB1 ( Figure 2D ), which suggested that RNF38 destabilized LDB1 protein in CRC cells. As RNF38 is a ubiquitin ligase and ubiquitin ligases can induce target protein degradation through the 26S proteasome, then the proteasome inhibitor MG132 was used in the study. As shown in Figure 2E and F, RNF38-induced LDB1 downregulation could be obviously abolished by MG132 treatment, which further indicated that RNF38 destabilized LDB1 protein via proteasomal pathway in colorectal cancer cells.
RNF38 Interacts with LDB1 and Induces Its Polyubiquitination
To evaluate whether RNF38 interacted with LDB1, the reciprocal Co-IP was performed. As shown in Figure 3A , the reciprocal Co-IP indicated that the exogenous RNF38 interacted with exogenous LDB1 protein in HEK293T cells. And it has been also verified in CRC cells, and the results showed that endogenous RNF38 also interacted with endogenous Figure 3B and C) . As RNF38 is a ubiquitin ligase, then we assessed if RNF38 regulated the ubiquitination of LDB1. As shown in Figure 3D , the Co-IP showed that RNF38 induced the polyubiquitination of LDB1. These results further indicated that RNF38 downregulated LDB1 expression by inducing its polyubiquitination.
LDB1 in CRC cells (
Overexpression of LDB1 Antagonizes RNF38-Induced Cell Growth Inhibition in Colorectal Cancer Cells
To further investigate the roles of RNF38 in CRC cells, RNF38 was overexpressed in CRC cells. As shown in Figure 4A and B, overexpression of RNF38 significantly suppressed CRC cell growth in HCT116 and DLD1 cells. As stated above, LDB1 was a substrate of RNF38, and RNF38 destabilized LDB1 protein. Then, to further assess whether RNF38 exerted its effect through LDB1, LDB1 was overexpressed in RNF38-overexpressed CRC cells. As shown in Figure 4C and D, LDB1 overexpression could significantly antagonize RNF38-induced cell growth inhibition in CRC cells. For example, in HCT116 cells, about 65% cells were still survived after cells were overexpressed with RNF38, but about 90% cells were survived after cells were co-overexpressed with RNF38 and LDB1 ( Figure 4C ).
RNF38 and LDB1 Regulates the Drug-Sensitivity of 5-FU in Colorectal Cancer Cells
It is known that 5-FU is commonly used in adjuvant chemotherapy for colorectal cancer. In order to further investigate whether RNF38 has a guiding significance in drug chemotherapy, RNF38 was overexpressed in CRC cells under 5-FU treatment. As shown in Figure 5A and B, our results showed that CRC cells overexpressed with RNF38 were more sensitive to 5-FU in both of HCT116 and DLD1 cells. However, CRC cells overexpressed with the substrate of RNF38, LDB1, produce a certain degree of drug resistance to 5-FU in both of HCT116 and DLD1 cells ( Figure 5C and D) . These results further confirmed that LDB1 was a negative effector of RNF38, and RNF38 could be as a potential target for the treatment or diagnosis of CRC in clinic.
Discussion
In recent years, with the successful application of proteasome inhibitor bortezomib in the treatment of multiple myeloma, ubiquitination of proteins has entered a new research level. 16 A series of anti-tumor drugs targeting ubiquitination-related enzymes, including E1, E2, E3 and DUBs, have been developed for cancer treatment. 17 For example, PYR-41, an inhibitor of E1, was used in anticancer research. 18 MI-219, an inhibitor of MDM2, was used in the study of anti-lung cancer. 19 Triptolide, a small molecule inhibitor of E3 ubiquitin ligase XIAP, was used in the study of anti-breast cancer and anti-gastric cancer. 20 In view of these applications, the study of ubiquitination of proteins in CRC cells is of great significance for the treatment of CRC caused by the disorder of ubiquitin system. In this paper, we aimed to investigate the function and mechanism of RNF38 in CRC. First of all, we found that RNF38 was decreased in colon adenocarcinoma and rectum adenocarcinoma compared with normal tissues analyzed by GEPIA online, which was contrary to previous reports. Recent studies showed that RNF38 was elevated and could be as an oncoprotein in hepatocellular carcinoma and gastric cancer by inducing the ubiquitination-mediated degradation of AHNAK or SHP-1. 9, 21 In order to verify the expression levels of RNF38 in CRC, CRC tumor tissues and adjacent normal tissues were collected for qRT-PCR, and the results also confirmed that RNF38 was downregulated in CRC. And we also found that CRC patients with high RNF38 expression had a longer overall survival than those with low RNF38 expression. Moreover, we found that overexpression of RNF38 inhibited CRC cell growth by destabilizing LDB1 protein, which suggested that RNF38 exerted antitumor activity in CRC cells. At the same time, RNF38 gene is located in 9p12-p13, which belongs to the short arm of chromosome 9, and there are many tumor suppressor genes in the short arm and long arm of chromosome 9, such as CDKN2A, PTCH, DBC1 and TSC1. 22 As is known to all, E3 ubiquitin ligases exert their cancer-promoting or anti-cancer function by binding with oncoproteins or tumor suppressors, and its function is closely related to the type of binding proteins. [23] [24] [25] And in this study, we confirmed that LDB1 was a novel substrate of RNF38, and LDB1 was reported to be elevated in CRC and its high expression was associated with poor prognosis of CRC patients. has been reported that RNF12 could induce the ubiquitination-mediated degradation of LDB1 in Xenopus laevis functional tissues, and they also found that other RING finger family proteins RNF6 and RNF38 had similar effects in mediating degradation of LDB1, but it was not further investigated in the follow-up of the article. 26 Collectively, above information suggested that RNF38, an E3 ubiquitin ligase, could exert its function as a tumor suppressor by reducing LDB1 expression in CRC. In addition, we showed that CRC cells overexpressed of RNF38 were more sensitive to 5-FU. However, overexpression of LDB1 produced a certain degree of drug resistance to 5-FU in CRC cells. These results further suggested that targeting RNF38-LDB1 axis could be a novel strategy for CRC treatment.
Conclusion
In conclusion, RNF38 was downregulated in CRC and induced LDB1 degradation by mediating its polyubiquitination, which indicated that targeting RNF38-LDB1 axis could be as a novel strategy for CRC therapy in the future. 
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